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Capsule 
 20 
“Diffuse sources of minewater pollution significantly contribute to instream contaminant 
loadings under varying flow conditions” 
 
Abstract 
 25 
There has been considerable progress in developing treatment systems for point sources 
of minewater pollution in recent years; however there remains a knowledge gap in the 
 2 
characterisation and remediation of diffuse minewater sources. Data is presented from the 
River Gaunless catchment, a historically heavily coal-mined catchment in the northeast of 
England.  Instream iron (Fe) loadings were monitored alongside loadings arising from 
point minewater discharges over a twelve month period to assess the dynamic importance 
of diffuse sources of minewater pollution. In low-flow diffuse sources account for around 5 
50% of instream loading; a proportion which increases to 98% in high-flow conditions.  
The low-flow sources appear to be dominated by direct discharge of contaminated 
groundwater to surface waters in lower reaches of the catchment. In high-flow, 
resuspended Fe-rich sediments, which are both naturally occurring and derived from 
historic mining, become the dominant diffuse source of Fe in the water column.  10 
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1. Introduction 
Discharges of ferruginous (Fe-rich) minewaters from active and inactive mines (and their 
associated waste rock heaps) are a major source of environmental degradation in many 
parts of the world (e.g. Younger et al., 2002). They arise from the bacterially catalyzed 20 
oxidation of pyrite (FeS2) (Equation 1), which is widespread in Coal Measures strata. 
When groundwaters containing ferrous iron (Fe2+) released from pyrite oxidation 
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discharge at the surface, the resultant oxidation to ferric iron (Fe3+) (Equation 2) often 
results in rapid precipitation of ferric oxyhydroxide (‘ochre’ – Equation 3). 
 
FeS2(s) + 7/2O2 + H2O → Fe2+ + 2SO42- + 2H+  (1) 
  Fe2+ + 1/4O2 + H+ → Fe3+ + 1/2H2O    (2) 5 
  Fe3+ + 3H2O → Fe(OH)3(s) + 3H+    (3) 
 
Ferruginous minewaters are considered deleterious to surface water quality primarily due 
to the smothering of benthic habitats by Fe precipitates (Jarvis and Younger, 1997), 
which usually occurs when total Fe concentrations are in excess of 0.5mg/L (Younger, 10 
2000).  This smothering, along with particulate Fe in the water column, reduces light 
penetration to benthic primary producers and can also decrease oxygen circulation in 
stream sediments, which may be detrimental to salmonid spawning (Edwards and 
Maidens, 1995). Dissolved Fe is not as ecotoxic as many metals associated with 
minewaters (e.g. Zn, Cd, Cu and Ni), with a European environmental quality standard of 15 
1mg/L dissolved Fe1 (EU Dangerous Substances Directive: 76/464/EEC). The above 
reaction also increases the chemical oxygen demand of the water and potentially lowers 
the pH of watercourses.  Other contaminants of potential local concern in minewater 
impacted catchments include Al, Mn, sulphate, chloride and ammonia.  Despite Equation 
3 being a prolific producer of proton acidity, a significant number of discharges from 20 
abandoned mines (including those detailed in this study) have circum-neutral pH.  Net-
alkaline minewaters are typically a product of Coal Measures strata receiving alkaline 
                                                 
1
 Where filtrate is collected using 0.45µm pore size filter paper.  This “dissolved” fraction will therefore 
include both truly dissolved Fe and colloidal Fe which will pass through 0.45µm filters. 
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recharge, for example from carbonate-rich rocks, or the result of incipient microbial 
sulphate reduction in the shallow sub-surface prior to surface discharge (Younger, 1995; 
Rose and Cravotta, 1998; Cravotta et al., 1999; Kirby and Cravotta, 2005). 
 
Much progress has been made over the past 20 years in the formulation of predictive, 5 
preventative and remedial technologies to limit the impact of minewater pollution on 
recipient surface and groundwater bodies.  These technologies (see Younger et al., 2002, 
for examples) have been focused primarily towards the treatment of point minewater 
discharges (e.g. discrete discharges from former mine structures such as adits and shafts).  
However, in river basins affected by extensive historical coal mining, preliminary studies 10 
have suggested that diffuse sources of minewater pollution can be a significant 
contributor to instream contaminant loadings.  These diffuse sources include: (1) diffuse 
seepages in the immediate vicinity of point discharges (e.g. Howes and Sabine, 1998), (2) 
direct input of polluted groundwater to surface waters, via the hyporheic zone (e.g. 
Gandy et al., 2007), (3) runoff from spoil heaps rich in sulphide minerals (e.g. Jarvis et 15 
al., 2006) and (4) re-suspension of metal-rich river bed and bank sediments (e.g. Cravotta 
and Bilger, 2001).  However, very few studies to date have investigated the varying 
significance of point and diffuse sources under different hydrological conditions. 
 
Increasingly, the watershed approach to minewater management is advocated (e.g. 20 
Kimball et al., 1999; Kimball et al., 2002; España et al., 2005) and as a consequence puts 
greater emphasis on accounting for non-point sources of minewater pollution.  In 
addition, legislative drivers in the European Union (such as the European Commission’s 
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Water Framework Directive; 2000/60/EC) demand basin-scale inventories of diffuse 
pollution to surface and groundwaters, and the subsequent formulation of management 
strategies for mitigating against their impacts where ecological and water quality is 
threatened (Potter et al., 2004).  The few attempts to quantify the importance of diffuse 
minewater pollution at a catchment scale, have found a substantial proportion to originate 5 
from diffuse sources (e.g. Nuttall and Younger, 1999; Younger, 2000; Gozzard et al., 
2006).   
 
This study aims to quantify the contribution of diffuse minewater pollution to instream 
contaminant (namely Fe) loadings in a heavily historically coal-mined catchment in north 10 
east England.  Through monitoring point minewater discharges coupled with synchronous 
sampling of instream chemical loads (i.e. concentration multiplied by flow) throughout 
the catchment, the relative contribution of point minewaters to instream loadings can be 
discerned under varying flow conditions. The effective management of diffuse water 
pollution at the river basin scale will necessitate careful targeting and design of 15 
engineering pollution control interventions, and only when armed with the type of data 
presented in this study will it be possible to meet this objective. 
 
2. Materials and methods 
 20 
2.1. Study site 
The River Gaunless drains an area of 93km2 on the eastern slopes of the North Pennines 
(Figure 1).  Elevation in the catchment ranges from 461mAOD (Above Ordnance Datum) 
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in the far west of the catchment to approximately 65mAOD at the confluence of the 
Gaunless with the River Wear. Land use is dominated by livestock farming, particularly 
in upland, western areas of the catchment. The underlying bedrock geology of the 
catchment is dominated by Coal Measures strata of Westphalian age (comprising cyclic 
sequences of sandstones, siltstones, mudstones and coal seams) (Figure 2).  Permian 5 
Magnesian Limestone overlies the Coal Measures in the east and beyond the south east 
margin of the catchment.  Superficial deposits comprise glacial boulder clay across much 
of the catchment, with alluvial sediments and some lenses of glacial sand and gravel 
along the riparian corridor of the River Gaunless.  Upland peat deposits are also present 
in the far west of the catchment. 10 
 
The Coal Measures strata were extensively deep-mined for more than 150 years prior to 
1976 (see former mine sites on Figure 1).  Following the cessation of mining in the 
catchment, minewater rebound to the surface was complete by 1979; stable long-term Fe 
concentrations can therefore be expected to have been attained by all minewater 15 
discharges in the catchment by about 1981 (Younger, 2000), following the ‘first flush’ 
phenomenon of highly contaminated water reported by Younger et al. (2002). The 
extensive coal mining has also left a legacy of surface spoil which covers a total area of 
approximately 1.7km2 (i.e. 1.8% of the total catchment area).  
 20 
Preliminary studies have shown that Fe pollution is a persistent problem in the River 
Gaunless, with total Fe concentrations rarely below 0.5 mg/L (Younger, 2000; Mayes et 
al., 2005).  Dissolved Fe in the minewater discharges must be predominantly Fe(II) 
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because the solubility of Fe(III) is very low at the circum-neutral pH typical of surface 
and groundwaters in the catchment (Younger, 2000). Once exposed to oxygen at the 
surface, dissolved Fe(II) can be rapidly oxidized and hydrolysed to form solid Fe(III) 
hydroxide (Equations 2 and 3).  In reaches downstream of point sources, this process is 
evidenced by extensive smothering of benthic habitats by precipitated ochre.  5 
 
2.2. Methods 
High-resolution reconnaissance surveys (encompassing field walk-by and water 
sampling) were undertaken to identify any previously unknown point minewaters in the 
catchment and highlight the tributaries which significantly contributed to contaminant 10 
loadings in the main channel.  The sampling network was designed to cover reaches 
upstream and downstream of point minewater discharges and intermediate locations 
along the full course of the river.  The major tributaries of the Gaunless (Hummer Beck, 
catchment area: 12.0km2; Grewburn Beck, area: 8.3km2 and Dene Beck, area: 6.9 km2) 
were also sampled close to their confluence with the main channel.  The location of the 15 
major point minewater discharges are highlighted in Figure 1 alongside instream 
sampling stations.  One of these sources, Woolly Hill 2 (WH2), discharges to the main 
river channel via a dispersed seepage over a 20-30m channel reach, which prohibited 
direct measurement of point minewater loading.  As such, the contribution of these 
sources to the instream loading is determined by simple mass balance between upstream 20 
and downstream sample points.  In addition to the major point minewater sources, there 
are several identifiably diffuse minewater seepages at other locations in the catchment.  
These include intermittent discharges near Fieldon’s (FI), a minor seepage from a former 
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drift mine in the Gordon Beck sub-catchment and a series of minor discharges (flow 
<1L/min: total Fe typically 8mg/L) from the former Arn Gill colliery in the catchment 
headwaters.  Reconnaissance survey and measurements showed the impact of the 
Fieldon’s and Gordon Beck discharges on instream loadings was negligible due to their 
intermittent nature and distance from main channel.  As such, permanent monitoring of 5 
these sources was not undertaken.  An instream sample location is situated on Arn Gill 
(AG) to account for the signal of the Arn Gill mine discharges which flow via a natural 
wetland to the main channel.  
 
Measurements of water temperature, pH, Eh, electrical conductivity and total alkalinity 10 
were made in the field using a Myron 6P Ultrameter, calibrated prior to each site visit, 
and a Hach digital titrator (alkalinity).  The alkalinity titration was carried out against 
1.6N sulphuric acid with Bromcresol-Green Methyl-Red indicator to give total alkalinity 
expressed as mg/L as CaCO3.  For laboratory analyses, two pre-washed, acidified (with 
concentrated nitric acid) polypropylene bottles (125mL) were filled at each sample 15 
station, one of which was filtered using 0.2µm cellulose nitrate filters (to quantify truly 
dissolved and colloidal metals, hereafter termed the dissolved fraction) and one unfiltered 
(to quantify total metals).  A 0.2 µm filter size was chosen in preference to the more 
ubiquitous 0.45µm filters because finely dispersed Fe oxyhydroxides may pass through 
0.45µm filters (Appelo and Postma, 2005).  An additional 125mL un-acidified sample 20 
was taken for anion analysis.  Metal analysis was undertaken using a Varian Vista-MPX 
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).  Major anion 
concentrations (namely SO42- and Cl-) were determined using a Dionex 100 ion 
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chromatograph.  Replicate samples were taken periodically, rather than routinely, for 
logistical reasons, in accordance with Quality Assurance/Quality Control procedures 
detailed by APHA (1998).  Reliability of sample analyses was also tested by charge 
balance calculations. An electro-neutrality within ±5% was considered to be of suitable 
accuracy.   5 
 
Flow at the minewater and instream sampling stations was measured via a suite of 
methods suited to the varying flow rates and channel characteristics.  These encompassed 
fixed V-notch and rectangular notch sharp-crested weirs, bucket-and-stopwatch 
measurements and hydraulic equations for pipe flow (based on recorded average velocity) 10 
at minewater discharges.  Instream flow was determined by the velocity-area method 
using an electromagnetic Valeport model 301 flow meter with flat (for mean section 
depths <0.4m) and cylindrical (for mean section depths >0.4m) sensors and an RDI 
Instruments StreamPro Acoustic Doppler Current Profiler (ADCP).  Consistency of 
measurements between the different methods was tested during reconnaissance and found 15 
to be within 4.6% (ADCP versus E-M flow meter) and 3.8% (bucket/stopwatch versus 
hydraulic derivations). A velocity-flow calibrated ultrasonic velocity meter at Dovecot 
Hill (DH) and river level gauges at Copley (CO), Lowlands (LB) and West Auckland 
(WA), maintained by the Environment Agency (EA), provide continuous hydrometric 
records for the catchment.  20 
 
Due to time constraints in sampling (for the data to be comparable the entire catchment 
had to be sampled in a single day during each visit), flow measurements were not 
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routinely obtained from all instream sample locations (namely the sample stations Slack 
(SL), West Auckland (WA), Fieldon’s (FI) and U/S Bishop’s Park (UB), given their 
proximity to gauged sample locations).  Relationships were therefore developed for each 
sample visit between measured flow and catchment area at each sample station.  
Catchment areas were derived from processing the 10m Digital Terrain Model (DTM) 5 
using standard procedures for filling anomalous sinks in the DTM and using the ‘filled’ 
DTM for flow path analysis and the derivation of a raster drainage network using the 
software ArcGIS® v9.1.  Flow at ungauged intermediate stations was subsequently 
interpolated from the flow-catchment area relationship.  The r2 values for these generated 
polynomial relations ranged from 0.983 to 0.997 highlighting the suitability of the flow-10 
area relation for estimating intermediate flows at nested sample points in the catchment. 
 
3. Results and Discussion 
 
3.1. Point minewater discharges 15 
Summary hydrochemical data for the point minewater discharges in the catchment is 
presented in Table 1.  The data show the minewaters to be of the net alkaline, SO4 
dominant type described in the geochemical minewater classification scheme of Younger 
(1995), with the exception of the Woolly Hill discharges which better approximate to a 
net alkaline, SO4 moderate category.  The genesis of these net-alkaline waters is a 20 
consequence of buffering of the minewaters by carbonate and silicate minerals within the 
mined Coal Measures strata. Also, in the far east (Bishop’s Park discharge) there is a 
possible input of alkaline groundwater from overlying Magnesian Limestone aquifer.  
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The consistency of flow and water quality of the minewaters during the 12 month 
monitoring period in the lower catchment (which are fed by large, interconnected mine 
workings in large groundwater bodies) is reflected in the low standard error values for 
most parameters. The minewaters in the mid to lower reaches of the catchment 
(Lowlands 1 and 2, St Helen and Bishop’s Park) are dominated by Ca, Mg and SO4 with 5 
high alkalinity and total Fe concentrations in the range of 1.5mg/L (St Helen) to 
24.4mg/L (Lowlands 2).  In contrast, the upland discharges at Woolly Hill are fed by 
shallower groundwater systems (given the workings themselves were small-scale, valley 
drift mines) and the mixing of both Woolly Hill discharges with surface drainage from 
upland peat deposits prior to the sample stations is reflected in the lower alkalinities, Ca 10 
and Mg concentrations and greater variability in quality and flow (Table 1). 
 
3.2. Low flow instream Fe profiles 
Figure 3a displays mean low-flow instream Fe concentrations, with dissolved and 
particulate (= total - dissolved) fractions displayed across the catchment.  Figure 4a 15 
displays mean total Fe loadings under low flow conditions alongside the contribution of 
point minewaters to instream loadings.  Low flow in this case is defined as sampling 
events when flow was Q70 or less (i.e. flow that is exceeded 70% of the time), which was 
derived from the flow duration curve at the permanent flow gauging station in the 
catchment.  This flow value permits a sufficient occurrence of low flow events that could 20 
be sampled within the time constraints of the project.  The concentration data show 
consistently high concentrations of Fe (which peaked at 12.0mg/L over the summer 
months) in the headwater sample location upstream of minewater input on Arn Gill as a 
 12 
consequence of drainage from eroded and oxidized peat deposits. Seasonal summer peaks 
in Fe concentration in waters draining upland peat deposits have been attributed in other 
studies to increased biological activity which enhances dissolved organic carbon (DOC) 
production and subsequent complexation of Fe in solution by organic ligands (Fenner et 
al., 2001).  The influence of the two Woolly Hill minewaters on the Hindon Beck 5 
headwater can be seen in elevating instream total concentrations (to mean values of 
2.4mg/L at sample station Hindon Beck), and increasing the dissolved component of 
instream Fe, which is typically over 80% (Figure 3a).  Downstream of the confluence of 
the two main headwaters at Copley (CO), Fe concentrations are much lower (<1.0mg/L) 
due to dilution and the dissolved Fe component is in the region of 25% of the total 10 
concentration   
 
Instream Fe loading is further attenuated (indicated on Figure 4a where cumulative 
minewater load exceeds instream load) in the reach downstream of Copley with total Fe 
concentrations around 0.1mg/L at the sample station Slack.  Fe loading from the 15 
Grewburn Beck sub-catchment (Figures 1 and 4a) is minor (mean of 0.061g/s), despite 
occasionally high total Fe concentrations (up to 1.4mg/L).   In the main channel 
downstream of Grewburn Beck, a consistent increase in Fe loading is apparent prior to 
the input of the Lowlands point discharges.  This increase is likely to arise through 
shallow sub-surface drainage from the extensive, exposed spoil heaps which flank the 20 
southern margin of the river along the 2km reach between sample stations Slack and 
Lowlands Bridge.  Ochre-staining along the riverbank and toe of the spoil heaps was 
identified from minor (<1L/min) minewater seepages during reconnaissance surveys.  
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This identifiably diffuse input in the reach upstream of the Lowlands minewaters equates 
to a mean of 2.3kg Fe/day under low flow conditions. 
 
Major increases in Fe concentration and loading occur with the input of the Lowlands 
point minewaters.  The Lowlands 1 minewater typically accounts for 136% of the 5 
increase in instream total Fe loading between upstream and downstream sample points 
(Table 2).  This highlights the immediate loss of Fe from solution to form the ochreous 
streambed deposits that characterize this reach of the catchment.  Downstream of 
Lowlands 1, instream total Fe concentrations can exceed 2.5mg/L, of which slightly less 
than half is in dissolved form.  The high instream concentrations and loadings are 10 
attenuated in the reach 400m downstream of Lowlands 1 (despite the input of the 
Lowlands 2 minewater), with concentrations consistently <1.5mg/L at Lowlands Bridge 
and the mean total Fe loading less than 40% of that recorded at the sample station 
immediately downstream of the mixing zone of Lowlands 1. 
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The influence of the Lowlands minewater is further attenuated in the 6km downstream 
through Ramshaw, Evenwood, Spring Gardens and West Auckland where total Fe load 
falls to values similar to upstream of the Lowlands minewaters.  Downstream of West 
Auckland, there is a slight decrease in Fe concentration, but a large increase in Fe load 
owing to significant river flow increases along this reach.  Further increases in total Fe 20 
concentration and load are apparent downstream of the St Helen minewater, with 
instream total Fe concentrations averaging 1.1mg/L.  Table 2 shows that on average only 
17.5% of the increase in Fe load in the reach around the St Helen point minewater can be 
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accounted for by the point minewater input.  Although there are some minor minewater 
seepages in the vicinity of Fieldon’s, there are several lines of hydrogeochemical 
evidence which suggest that the discharge of contaminated groundwater directly to the 
river in the reach around West Auckland to Dovecot Hill is the dominant diffuse process 
in elevating instream Fe loadings under low flow conditions: 5 
 
• Figure 5a shows loadings of total alkalinity, sulphate, chloride, calcium and 
magnesium along the course of the Gaunless under low flow conditions on 22/06/06.   
These chemical species are typically associated with groundwater sources (see 
indicative high concentrations in the monitored point minewaters: Table 1).  Instream 10 
rises in these species typically occur where there is point minewater input (for 
example at Lowlands, St Helen Auckland and Bishop’s Park).  Sharp increases in 
instream loadings of sulphate and alkalinity in particular are also apparent in the reach 
downstream of West Auckland, where there are no point minewater inputs.   
• A change in the superficial deposits occurs in the reach downstream of West 15 
Auckland.  The impermeable Boulder Clay that is predominant across much of the 
catchment is replaced by a lens of glacial sands and gravels in between the Spring 
Gardens and Fieldon’s sample stations (Figure 2).  An increasing permeability of 
surface deposits would therefore be expected in this area, facilitating greater potential 
interaction between surface and groundwaters. 20 
• Groundwater levels (during flow conditions that equate to <Q70 in surface waters) in 
the underlying Coal Measures strata in the vicinity of West Auckland were in the 
range of 107.3 to109.4 mAOD during quarterly monitoring of the Ladysmith shaft 
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(Figure 2) over the period April 2004 to the present.  In addition, a minewater 
emergence from a shaft in the former St Helen colliery occurs at 100mAOD.  When 
comparing these levels of contaminated groundwater in the Coal Measures with the 
longitudinal profile of the river (Figure 5b), it is apparent that the groundwater levels 
exceed the level of the riverbed in the reach downstream of West Auckland.  This 5 
creates an upward hydraulic gradient and allows contaminated groundwater from 
underlying Coal Measures to the river in precisely the reach where more permeable 
superficial deposits are located.  
 
Estimates of the magnitude of the groundwater flux in the reach between West Auckland 10 
and u/s St Helen can be made using mass balance calculations.  Chloride provides a 
suitable test species for mass balance calculations given its conservative behavior in 
surface and groundwaters (Appelo and Postma, 2005) and its relative abundance in the 
minewater discharges in the lower catchment (Table 1). Given there is a 4.81g/s increase 
in Cl- load between West Auckland and u/s St Helen, of which only 0.85g/s is accounted 15 
for by the Hummer Beck tributary, it can be seen that there is a net increase of 3.96g/s 
that can be attributed to non-surface sources.  If we assume that the St Helen Auckland 
minewater discharge provides a suitable indication of the major ion constituent of the 
Coal Measures groundwaters underlying the reach in question (Cl- concentration was 
43.7mg/L on 22/06/06), the flow can be calculated knowing the increase in load and 20 
source Cl- concentration.  This equals 90.6 L/s (or 7.8 ML/d) on 22/06/06 and equates to 
31% of the flow passing the u/s St Helen sample station. Similar mass balance estimates 
of groundwater input for other conservative species in this reach range from 33 and 36L/s 
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(Na and K respectively) to 94L/s (Mg). This provides an indication of the error range 
associated with flow determination using this method. The measured instream flow 
increase between West Auckland and u/s St Helen, allowing for the surface inputs from 
the major tributary in this reach (Hummer Beck) was 103L/s.   
 5 
Total Fe loading remains consistent at the sample stations downstream of Fieldon’s, 
through the lower urban reaches of the catchment although the dissolved component of 
instream Fe decreases to <10% at South Church and u/s Bishop’s Park.  The final point 
minewater input in the catchment is at Bishop’s Park and is seen to elevate instream Fe 
concentrations and loadings (Figure 3a and 4a).  Table 2 shows that this point minewater 10 
typically accounts for 51.4% of the instream increase in Fe.  Significant diffuse seepage 
around the point source is the likely explanation for the additional Fe input, given the 
presence of ochre-stained, often saturated bank sediments in the 5-10m surrounding the 
adit discharge.  It is expected that this reflects blockages near the adit mouth causing the 
minewater to discharge through the adit wall here. 15 
 
3.3. High flow instream Fe profiles 
Instream Fe concentrations and loadings are presented in Figure 3b and 4b respectively 
under high flow conditions (flow at the permanent gauging station approximated to a Q10 
flow).  The concentration data shows a trend of increasing total Fe concentration 20 
downstream, of which typically >75% is in particulate form downstream of Lowlands 
Bridge. This highlights the greater importance of particulate Fe from entrained sediments 
in high flow conditions. This process is further emphasized by the change in instream 
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Fe:SO4 ratio between low flow (mean Fe:SO4 of 1:317 at all instream sample stations) 
and high flow (mean Fe:SO4 of 1:14).  This suggests that increases in instream Fe in high 
flow are far greater relative to increases in sulphate and therefore not consistent with the 
direct input of contaminated groundwater to the stream for which we would expect a 
more indicative low Fe to high SO4 ratio (e.g. Table 1).  Total Fe concentrations 5 
throughout the catchment are high with only the most upstream headwater sample 
locations exhibiting total Fe concentrations below 1mg/L.  Unlike in low flow when 
abrupt increases and decreases in Fe loading are apparent with point minewater input and 
ensuing instream attenuation, the high flow Fe loading curve rises monotonically 
downstream.  While the influence of point minewater input at Woolly Hill and Lowlands 10 
can be clearly seen in elevated instream loadings, these minewaters account for only 52% 
and 27% of the respective rise in instream Fe loading between upstream and downstream 
sample stations.  Further downstream the influence of the point minewaters in elevating 
instream Fe becomes further diminished at 3.8% and 1.7% at the St Helen and Bishop’s 
Park minewaters respectively.  15 
 
Increasing Fe concentrations under high flow conditions (and therefore increasing 
loading) are typically associated with mobilised lithogeneous sources of Fe (Neal et al., 
2000). Given the prevalence of pyritiferous strata across the catchment (which are often 
exposed at the surface in the upper catchment) and peat deposits in the headwaters 20 
(Figure 2), naturally high Fe levels would be expected in the instream and terrestrial 
sediments entrained at high flow. Of the mining-related mechanisms for diffuse input 
active in low flow, groundwater input and diffuse seepage around point sources would be 
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expected to be of much lesser significance in high flow due to the consistency of flow 
rates from the large groundwater bodies underlying the catchment (Table 1 and Younger, 
2000).  Spoil heap runoff and the remobilization of ochreous sediments (particularly in 
the reaches downstream of point minewater sources) are the mechanisms of mining-
related diffuse input logically associated with high flow.  Despite the extensive surface 5 
spoil in the catchment (Figure 1), the influence of spoil heap runoff as a source for Fe in 
high flow is likely to be limited in spatial extent.  Much of the spoil in the mid to lower 
catchment (downstream of Ramshaw) has been reclaimed and spot measurements showed 
total Fe concentrations draining large areas of spoil at West Auckland and Dene Beck to 
be <0.5mg/L under moderate to high flow conditions. In the mid to upper catchment, 10 
particularly in the reach upstream of Lowlands and on the Arn Gill headwater, where 
expanses of exposed spoil lie directly adjacent to the river channel, the influence of spoil 
heap runoff would be expected to be more significant.  However, during high flow on 
25/10/05, an increase in total Fe load of only 0.265g/s was recorded in the spoil-lined 1 
km channel reach between sample stations Slack and u/s Lowlands. The input of the 15 
Grewburn Beck tributary accounted for the addition of 0.414g/s Fe along this reach.  Far 
from suggesting a significant increase in Fe load associated with spoil heap runoff, the 
data suggest a slight attenuation of Fe in a reach characterized by steep, gullied spoil 
heaps lining the channel.  As such, spoil heap runoff appears to be of peripheral 
importance as a high flow diffuse source of Fe in this catchment.  20 
 
Resuspension of Fe from the vividly ochre-stained reaches downstream of point 
minewaters is another potentially significant source of mining-related diffuse Fe in high 
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flow.  The reach downstream of Lowlands would be anticipated to be the major 
contributor of remobilised ochre in this manner given its extensive, perennial ochre 
staining.  However, the fairly consistent downstream rise in instream loading that is 
apparent in high flow conditions (Figure 4b) is consistent with widespread remobilization 
of Fe-rich sediment throughout the catchment and not principally at reaches downstream 5 
of point minewaters. The instream rise in Fe loading in the reach downstream of 
Lowlands is 1.04g/s, of which 0.28g/s is accounted for by the point minewater input.  
When the residual diffuse input from this reach is compared with the cumulative total Fe 
load received by the catchment (see Section 3.4) in high flow, it is apparent that Fe 
resuspension in this reach accounts for only 3.1% of the cumulative Fe load.  Moreover, 10 
the three largest incremental increases in instream Fe load in high flow occur in the 
reaches upstream of u/s Bishop’s Park (5.1g/s increase), u/s St Helen (4.4g/s) and 
Dovecot Hill (4.4g/s), none of which are characterized by ochre-smothering of benthic 
habitats in any flow condition.  As such, it appears that entrainment of recently deposited 
ochre from point minewater discharges is not a dominant source of Fe in high flow.  15 
Although mining activity will have undoubtedly added a substantial flux of Fe-rich 
sediments to surface water courses since the onset of coal extraction in the catchment, 
which will have been gradually distributed throughout the catchment over time, high 
background levels of naturally occurring Fe-rich sediment would also be expected in a 
catchment of this geology.  Certainly analogous work by these authors (unpublished) and 20 
by Macklin et al. (1997) suggests that long-running abandoned minewaters may be a 
significant cause of widespread sediment contamination in the orefields of the North 
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Pennines, but further work is required to corroborate such a situation for the former coal 
mining district through which the River Gaunless flows.  
 
An additional source of Fe, operative in winter high flow conditions, is highways runoff. 
Highly soluble sodium hexacyanoferrate (VI) is widely used as an anti-caking agent in 5 
deicing salts (Paschka et al., 1999).  In the Gaunless catchment, such sources are likely to 
be of particular significance in the urbanized lower catchment (downstream of Spring 
Gardens), where numerous combined sewer overflows (CSOs) discharge urban surface 
drainage directly to the river in storm conditions.  Spot samples of road runoff in the 
catchment at Lowlands Bridge and Fieldon’s showed total Fe to be in the region of 10 
5mg/L.  Although flow rates were low (in the order of 1L/min), the combined effect of 
road runoff in the lower catchment could be significant for rain-on-snow or rain-on-ice 
storm events. Instream total Fe is highly correlated with both Na (r2 of 0.983) and Cl (r2 
of 0.967) in high flow conditions but partitioning the signal of highways runoff from 
minewater sources (to which all three of the above chemical species are ubiquitous) is not 15 
possible without further study. 
 
3.4. Cumulative loadings and attenuation 
Assessment of cumulative instream Fe loadings and cumulative instream attenuation, 
alongside comparison with the point minewater input offers a useful measure of the 20 
dynamic importance of point and diffuse minewater sources. The former term is used as 
defined by Kimball et al. (2002), so cumulative instream loading is taken as the sum of 
all loadings in the reaches where a positive change in loading was measured. Cumulative 
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instream attenuation is taken as the sum of the loadings in all reaches that recorded a 
negative change in loading.  As Kimball et al. (2002) highlight, the cumulative loading 
offers an indication of the minimum total loading as some attenuation is likely to occur in 
reaches that record increases in loading.  Likewise, cumulative attenuation offers a 
minimum measure of total attenuation in the catchment as there may be some loading 5 
increase masking the full attenuation signal. Table 3 presents these summary figures for 
each sample set alongside the cumulative point minewater contribution (i.e. the sum of all 
point minewater loadings) and flow at sample station Dovecot Hill.  
 
The data show fairly consistent cumulative loading values under low to moderate flow 10 
conditions (flow <600L/s at Dovecot Hill) ranging between 0.5 and 2.3g/s, with instream 
cumulative attenuation values between 34.3% and 67.8% of the cumulative load.  The 
point minewaters on average contribute 49.5% (standard error 8.2; n = 7) of the 
cumulative instream loading under these flow conditions. This highlights the importance 
of diffuse sources of Fe which must therefore contribute slightly over 50% of the total 15 
instream loading in the watershed in dry conditions.  The importance of instream 
attenuation processes in low to moderate flow (which were highlighted in the reaches 
downstream of point minewater discharges above) is also underlined with values which 
on average amount to 50.8% (standard error 4.4; n = 7) of the cumulative load. 
 20 
As flow increases, rises in cumulative instream load are also apparent. Under moderate to 
high flow conditions between 7/12/05 and 28/3/06 the total Fe load in the catchment rises 
from 2.6 to 8.1g/s respectively with only a 30% increase in flow. In high flow conditions 
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on 25/10/05 the cumulative instream Fe loading reaches 24.9g/s.  The contribution of 
point minewater discharges becomes far less significant equaling only 2.0% of the 
cumulative instream load in the highest flow conditions recorded on 25/10/05. Likewise, 
the importance of instream attenuation processes becomes far less important (equaling 
only 2.1% of the cumulative load on 25/10/05). 5 
 
 
4. Conclusions and management considerations 
 
This catchment-scale study of minewater pollution in the River Gaunless has highlighted 10 
the significant contribution that diffuse sources contribute to instream Fe loadings.  This 
diffuse contribution typically equates to 50% of instream loadings in low flow and up to 
98% of instream loadings in high flow.  Direct discharge of contaminated groundwater to 
the River Gaunless in the lower catchment, and diffuse seepage around point minewater 
sources, appear to be the major diffuse sources operative under low flow conditions.   15 
 
During high flow conditions the relative importance of groundwater flux diminishes as 
surface flow dominates volumetrically, and runoff from spoil is found not to be a 
significant contributor.  Rather, resuspension of Fe-rich sediments is the major source of 
elevated instream Fe concentrations and loadings in high flow.  It is difficult to 20 
distinguish between that portion of resuspended Fe-rich sediment that is derived from 
immediately below point minewater discharges and Fe-rich sediment that is more widely 
distributed through the catchment.  Additionally, investigations into the chemical and 
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physical properties of the suspended Fe in high flow would be necessary to determine 
whether the sources of suspended Fe lie predominantly with mining activity or naturally 
occurring sources. 
 
Targeted remediation of the point sources that contribute most to instream contaminant 5 
loadings is a means by which minimum capital outlay can reap the maximum 
improvements in water quality in mine drainage afflicted catchments (e.g. Kimball et al., 
1999). This strategy has certainly been a major component of the UK Coal Authority’s 
rolling programme of coal minewater treatment initiatives (see http://www.coal.gov.uk) 
alongside pumping schemes that prevent surface discharge of minewaters.  In the case of 10 
the Gaunless catchment, even if point source remediation was found to be a cost-effective 
management option, mass balance calculations suggest that Fe-related water quality 
problems would persist in the lower catchment (Mayes et al., 2005), due to the magnitude 
of the diffuse input in these reaches. Given the longevity of high Fe concentrations 
associated with coal minewater discharges (e.g. Younger, 1997), it is reasonable to 15 
suggest that the importance of these diffuse sources in preventing compliance with water 
quality targets will not diminish in the near-future. Findings of investigations into the 
nature and location of diffuse inputs, such as those presented here, could be used to 
inform future management strategies such as regional pump and treat methods to lower 
groundwater levels below river levels in identified discharge areas. 20 
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FIGURE CAPTIONS 
 
Figure 1.  Location map of the River Gaunless basin. Point mine water codes: WH1 = 
Woolly Hill 1; WH2 = Woolly Hill 2; LL1 = Lowlands 1; LL2 = Lowlands 2; SH = St 
Helen Auckland; BP = Bishop’s Park. Instream sample station codes: UW = upstream 5 
Woolly Hill 2; DW = downstream Woolly Hill 2; HB = Hindon Beck; AB = Arn Gill 
Billy Lane; AG = Arn Gill; CO = Copley; SL = Slack; GB = Grewburn Beck; UL = 
upstream Lowlands 1; DL = downstream Lowlands 1; LB = Lowlands Bridge; RA = 
Ramshaw; EV = Evenwood; SG = Spring Gardens; WA = West Auckland; HU = 
Hummer Beck; US = upstream St Helen; FI = Fieldon’s Bridge; DH = Dovecot Hill; DB 10 
= Dene Beck; SC = South Church; UB = upstream Bishop’s Park; DB = downstream 
Bishop’s Park. 
  
 
Figure 2. Geological map of the Gaunless catchment showing superficial deposits 15 
superimposed over bedrock deposits.  Inset shows detail of the reach around West 
Auckland. 
 
Figure 3.  Iron concentrations and partitioning under mean low flow (3a) and high flow 
(3b) conditions. 20 
 
Figure 4. Total iron loadings and cumulative point mine water contribution under mean 
low flow (4a) and high flow (4b) conditions. 
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Figure 5a. Downstream changes in loading of Ca, Mg, SO4, Cl and total alkalinity under 
low flow conditions on 22/06/06 (all as g/s except total alkalinity: g/s as CaCO3). Figure 
5b. Longitudinal profile of the river bed in metres above Ordnance datum. 
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Table 1. Mean hydrochemical composition of the monitored point minewater discharges in the Gaunless watershed.  All values in 
mg/L except flow (L/s), pH, electrical conductivity (E.C.: µS/cm), Eh (mV), temperature (oC) and total alkalinity (mg/L as CaCO3).  
Standard error of the mean (standard deviation divided by the square route of n) presented in parenthesis; n= 10 for all except 
Lowlands 2 (n = 7) and St Helen (n = 80, this discharge from a treatment wetland has been monitored routinely since 1999). 
 
Minewater  Flow pH E.C. Eh Temp Total 
Fe 
Diss. 
Fe 
Ca Mg Na K Total Alk SO4 Cl Mn Comments 
Woolly Hill 1 8.4 
(4.1) 
6.3 
(0.2) 
129 
(17) 
63 
(25) 
8.8 
(0.8) 
2.4 
(0.4) 
1.8 
(0.3) 
15.3 
(1.2) 
5.1 
(0.5) 
5.2 
(0.2) 
1.5 
(0.1) 
69.4 
(11.0) 
14.3 
(2.2) 
10.7 
(1.7) 
0.7 
(0.2) 
Drainage from former Woolly Hill drift mine. 
Includes surface runoff from 0.3km2 headwater 
catchment.  Workings closed c.1895. 
 
Woolly Hill 2 3.1 
(2.6)  
6.6 
(0.5) 
287 
(20) 
71 
(24) 
11.2 
(1.0) 
11.5 
(0.6) 
8.3 
(0.5) 
38.1 
(4.2) 
17.8 
(4.1) 
7.75 
(1.2) 
2.8 
(0.8) 
101.3 
(8.4) 
31.3 
(3.2) 
18.2 
(2.1) 
0.51 
(0.2) 
Drainage from former Woolly Hill drift mine. 
Workings closed c.1895. Dispersed seepage into 
Hindon Beck.  
 
Lowlands 1 31.0 
(1.6) 
6.5 
(0.1) 
818 
(10) 
26  
(5) 
11.8 
(0.1) 
7.4 
(0.2) 
7.0 
(0.2) 
80.2 
(1.5) 
43.9 
(3.3) 
19.9 
(0.7) 
6.8 
(0.6) 
164.4 
(3.0) 
240.9 
(2.1) 
42.4 
(0.6) 
1.8 
(0.1) 
Piped discharge. Site of major minewater outburst 
in 2000. Cockfield Fell mines closed 1950. 
 
Lowlands 2 1.2 
(0.1) 
5.9 
(0.1) 
1151 
(80) 
21 
(12) 
11.7 
(0.3) 
24.4 
(0.8) 
22.9 
(1.1) 
119.0 
(2.5) 
65.7 
(2.5) 
19.5 
(0.5) 
8.2 
(0.6) 
90.5 
(8.3) 
520.9 
(18.4) 
35.5 
(2.7) 
6.1 
(0.2) 
Discharge from Cockfield Fell mines, emerges on 
river bank. Submerged in moderate to high flow 
hence smaller sample set. 
 
St Helen 23.5 
(1.3) 
7.0 
(0.1) 
2012 
(13.7) 
146 
(125) 
11.6 
(0.2) 
1.5 
(0.2) 
1.1 
(0.2) 
208.9 
(3.3) 
119.8 
(2.5) 
107.2 
(1.8) 
19.6 
(0.4) 
465.1 
(6.5) 
675.4 
(10.9) 
50.3 
(1.7) 
1.6 
(0.2) 
Discharge from St Helen Auckland Colliery.  Drains 
via a currently decommissioned treatment wetland.  
Mine closed 1926. 
 
Bishop’s Park 7.9 
(0.4) 
6.8 
(0.1) 
2997 
(69) 
48  
(4) 
12.0 
(0.1) 
6.8 
(0.3) 
6.4 
(0.3) 
310.8 
(8.6) 
228.5 
(5.1) 
150.9 
(10.7) 
39.3 
(1.5) 
560.0 
(16.8) 
1530 
(14.5) 
48.2 
(0.5) 
2.3 
(0.1) 
Adit discharge from the former Bishop’s Park 
Colliery.  Mine closed 1945. 
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Table 2. Low flow (<Q70) contributions of the major point minewater discharges to the 
measured instream rise in total Fe loading between upstream and downstream instream 
sample stations. Data shows point minewater loading as a percentage of instream rise in 
total Fe. Standard error of the mean is presented in parenthesis (n = 5 for all locations). 
 
Site Point MW loading as % of instream Fe rise 
Lowlands 1 136% (19) 
St Helen Auckland 18% (4) 
Bishop’s Park 51% (14) 
 
Table 3. Cumulative total Fe loading, attenuation and point minewater contribution under 
varying flow conditions.  Flow (L/s) is given for the permanent Dovecot Hill gauging 
station 
 
Date 
 
14/6/05 12/7/05 27/8/05 25/10/05 7/12/05 6/2/06 8/3/06 28/3/06 11/5/06 22/6/06 
Cumulative Fe 
loading (g/s) 
 
1.48 2.27 0.50 24.91 2.59 0.61 0.78 8.07 0.73 0.66 
Cumulative Fe 
attenuation (g/s) 
 
0.86 0.78 0.28 0.53 0.88 0.25 0.35 0.40 0.49 0.35 
Cumulative point 
MW loading (g/s) 
 
0.36 0.44 0.40 0.49 0.46 0.42 0.41 0.41 0.37 0.34 
Point MW as % of 
cumulative loading 
 
24.5 19.3 80.4 2.0 17.8 68.2 52.4 5.0 50.3 51.1 
Flow (L/s) 290 110 250 5840 1250 174 505 1790 378 305 
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